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Transparent and stable manganese dioxide gels are obtained upon reduction of permanganate aqueous
solutions AMnO, [A = Li, Na, K, NH,, N(CH,),] by fumaric acid. All xerogels are amorphous when
dried at room temperature. Their thermal behavior however depends on the nature of the counter
cation A*. Ammonium permanganates lead to the formation of a- or y-Mn,0; while AMnO, mixed
oxides are obtained at high temperature when A = Li, Na, K. Other crystalline phases such as LiMn,O,
or Nag;MnO, are also formed at lower temperature around 500°C. Oxidation of these mixed oxides
into sulfuric acid lead to the formation of A- or 8-MnO, while A* and Mn?* jons are released into
the solution. Such manganese dioxides could be good candidates for making reversible cathodes in

nonaqueous lithium batteries.

Introduction

Manganese oxides such as manganese di-
oxide MnQ, are very attractive materials as
reversible cathodes in nonaqueous lithium
batteries (/—4). One of the main advantages
of MnQ, is its high discharge voltage. Re-
versible cathodes are generally made with
crystalline oxides. Their electrochemical
properties however strongly depend on pa-
rameters such as powder morphology, crys-
talline structure, or bulk density. The
sol-gel process, based on inorganic poly-
merization reactions from molecular precur-
sors (5), offers an alternative route to the
synthesis of oxide powders. It allows a bet-
ter control of the morphology and texture of
solid particles (6, 7). Sol-gel chemistry in
aqueous solutions is based on hydrolysis
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and condensation of metal ions. Hydroxyla-
tion is usually performed via pH modifica-
tion either by adding a base to a low valent
hydrated cation or an acid to a high valent
oxo0 anion as follows:

[M(OH)F** + OH~
— [M(OH)(OH,))=~ "+
or

[MO,)2"=9~ + H*
— [M(OH)O,_J@~2+ 1~

Condensation then follows via olation or
oxolation leading to the formation of an ox-
ide or hydroxide network. One of the main
problems for the sol-gel synthesis of MnO,
is the lack of stable Mn(IV) precursors in
aqueous solution. This can be overcome by
performing hydroxylation via redox reac-
tions rather than acid—base reactions. The
precursor is then a soluble manganese salt in
which the oxidation state of Mn is different
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from four. The in situ formation of Mn(IV)
solute species is then obtained via oxidation
or reduction reactions. One of the most
common methods is to mix an inorganic pre-
cursor such as KMnO, with reducing agents
in an alkaline or acidic medium (5). How-
ever, such reactions are usually performed
with rather dilute solutions so that colloidal
solutions are obtained rather than gels.
This paper reports on the synthesis of mo-
nolithic manganese oxide gels through the
reduction of AMnO, (A = Li, Na, K, NH,.
N(CH,),) aqueous solutions. The chemical
composition and the crystalline structure of
the resulting product depend on many pa-
rameters such as the pH of the solution, the
chemical nature of the reducing agent, and
even the counter cation A. Only the role of
this last parameter will be discussed here.

Experimental

Gel formation from aqueous permanga-
nate solutions depends on the chemical na-
ture of the organic reducing agent. The best
results were obtained with fumaric acid
(C,H,O,). Gels are rapidly formed (20-30
min) at room temperature by mixing KMnO,
(0.25 M) with fumaric acid (Fluka reagents).
Reduction of Mn(VII) is followed by visual
detection as follows: 2 ml of an aqueous
solution of NaCl (1 M) are added to 1 ml of
the sol taken before gelation occurs. This
leads to the floccutation of MnQO,. Complete
reduction of Mn(VII) is obtained when the
purple coloration cannot be seen anymore
in the supernatant solution. A molar ratio p
= KMnO,/C,H,0, = 3 was used in order
to get a mean oxidation state of manganese
Z = 4 in the gel.

The role of the counter ion A was studied
by using different AMnO, precursors.
Therefore a proton exchange resin of Do-
wex type is first neutralized by an aqueous
solution of LiOH, NaOH, NH,OH, or
N(CH,),OH. Potassium permanganate is
then eluted through the resin in order to

BACH ET AL.

form the corresponding AMnO, (0.25 M)
aqueous solution.

Reduction is performed with fumaric acid
using a molar ratio p = 3. In all cases this
leads to the formation of a dark brown trans-
parent gel. This gel is spread onto a glass
plate and dried in air at room temperature
giving a black amorphous powder called
xerogel. Calcination is then performed, up
to 900°C. This leads to the formation of crys-
talline phases such as NaMnO,, LiMnO,,
or KMnO,. These mixed oxides are then
transformed into MnO, by ion exchange re-
actions according to the method already de-
scribed in the literature (8—10). It consists of
sulfuric acid treatment of the ternary oxide.
The resulting powder is then filtered and
dried in air at 90°C.

X-ray diffraction experiments were per-
formed with a Philips diffractometer using
the CuKe radiation. Thermal analysis mea-
surements were performed in air at heating
rates of 10°C + min~"! using a Netszch STA
409 analyzer with the simultaneous record-
ing of weight losses (TGA) and temperature
variations (DTA). The mean oxidation state
“Z of manganese was determined via
chemical titration by ferrous sulfate (/1)
with an accuracy of +0.02. Infra-red spectra
were recorded on a Perkin—-Elmer 783 spec-
trophotometer by grinding the xerogel pow-
der into KBr pellets.

Results

Reduction of AMnO, (A = Li, Na, K,
NH,, N(CH,;), by fumaric acid at a pH be-
tween 7.5 and 8 is a fast and weakly exother-
mic reaction. It leads to the formation of
transparent dark brown sols or gels depend-
ing on manganese concentration “C”’, A
sol—gel transition is observed around C =
0.1 M. Just before gelatin, the pH rises up to
9. After gelation, syneresis occurs at various
times, between 20 min to 96 hr, depending
on the chemical nature of the counter ion.
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FiG. 1. IR spectra of the five xerogels (A = Li, Na, K, NH,, N(CH,),. ®, oxalate bands; O, ammonia

and N(CH,), bands; %, H,0 and OH bands.

For all gels, the measured oxidation state Z
of manganese is close to 4.

Infrared spectra of the xerogels (Fig. 1)
exhibit bands typical of H,O and OH spe-
cies, as well as oxalate ions with three char-
acteristic bands at 1330, 1060, and 780 cm ™.
Additional bands due to the presence of am-
monium or tetramethylammonium ions can
also be seen in the last two xerogels.

Lithium Permanganate Precursor

Thermal analysis (TGA and DTA) of the
xerogel is shown in Fig. 2a. A total weight
loss of about 40% is observed. The first two

endothermic peaks (94 and 166°C), the exo-
thermic peak (300°C), and the broad endo-
thermic peak around 370°C correspond to
four different weight losses. They are proba-
bly due to the departure of water molecules
and the thermal decomposition of oxalates.
A small and continuous weight loss is then
observed between 480 and 900°C while the
crystallization of the spinel phase LiMn,0O,
occurs, in agreement with the X-ray diffrac-
tion pattern performed at 600°C (Fig. 3a),
and with the experimental oxidation state
of manganese Z = 3.45. Finally a narrow
endothermic peak and an abrupt weight loss
(2.2%) at 940°C correspond to the formation



328

mass %

FiG. 2. Simultaneous thermal analysis (TGA and
DTA) of the Li/Mn (a), Na/Mn (b), and K/Mn (c)
xerogels.

of crystalline LiMnO, (Fig. 3b), with an ex-
perimental oxidation state of Mn, Z = 3.12,
according to the following reaction:

LiMn,0, + 0.5 Li,0 — LiMnO, + 0.25 0,

Sulfuric acid treatment (2.5 M) during 2-5
hr of LiMn,0, or LiMnO, lead to formation
of a manganese dioxide, A-MnO,, as shown
by X-ray diffraction (Fig. 3c). This com-
pound has a defect spinel structure derived
from the spinel structure of LiMn,O,. A
model was proposed in order to explain the
effect of the acid treatment (8, 10). Both
Li,O and MnO appear to be removed from
the solid network. Dispropornation of 2
Mn(1ID) into Mn(II) and Mn(IV) is supposed
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to occur. Gnly Mn(II) species are soluble in
the acid aqueous solution so that manganese
in the resulting oxide exhibits a mean oxida-
tion state close to Z = 4. DTA of this manga-
nese dioxide agrees with this model. It
shows two endothermic phenomena at 280
and 515°C which may be associated with the
following phase transitions:

)\'MnOZ i ,3-M1’102 b a'Mn203

Sodium Permanganate Precursor

A black xerogel is obtained that remains
amorphous below 400°C. Simultaneous
thermal analysis of the xerogel (with a total
weight loss of about 34% on GTA curve) is
shown in Fig. 2b. Two endothermic phe-
nomena at 135 and 200°C, and a broad peak
at 345°C are visible. They are correlated to

———

Fi16. 3. X-ray diagrams of LiMn,O, (a, 600°C/3 hr),
LiMnO, (b, 1000°C/3 hr), and A-MnO; (¢, washed acid).
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FIG. 4. X-ray diagrams of Nay ;MnO, (a, 600°C/2 hr),
«-NaMnO, (b, 800°C/2 hr), -NaMnO, (c, 1100°C/4 hr),
and 8-MnO, (d, washed acid).

a continuous weight loss (24%) up to 420°C
and should correspond, as for the previous
case, to the departure of water molecules
and the decomposition of oxalates. A double
endothermic peak and more weight loss
(4%) occur between 420 and 660°C. They
lead to the formation of the crystalline lay-
ered compound Naj-MnO, in agreement
with the X-ray diffraction pattern at 600°C
(Fig. 4a) and the measured oxidation state
of Mn (Z = 3.3). A similar thermal behavior
is again observed around 800°C together
with the formation of a-NaMnO, (oxidation
state of manganese Z = 3.1), whichleads to
B-NaMnO, above 1000°C, as shown by X-
ray diffraction (Fig. 4b).
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Sulfuric acid treatment of Nay;MnQO,, a-
NaMnO,, and 8-NaMnO, leads as Clearfield
and co-workers (/2) mentioned to the for-
mation of the 3-MnO, polymorph of manga-
nese oxide (Fig. 4d), with a measured oxida-
tion state Z = 3.84. The X-ray diffraction
pattern of this compound is given by Giova-
noli et al. (13) who described it as a lamellar
phase. But, only two diffraction peaks ap-
pear, with the following d-spacing: 7.24 and
3.62 A, showing an important preferred ori-
entation. DTA diagram of this compound
shows two endothermic phenomena at 108
and 535°C which may be associated to the
8-MnO, — B-MnO, and 8-MnQ,— a-Mn,0,
transformations, respectively, as revealed
by X-ray diffraction.

Potassium Permanganate Precursor

The black xerogel powder remains amor-
phous up to 500°C. As for the previous cases
two endothermic phenomena are observed
at low temperature (133 and 220°C). They
must be related to the departure of water
molecules and the decomposition of oxa-
lates. The following exo- and endothermic
peaks cannot be seen on the DTA curve
despite the fact that a continuous weight
loss still goes on. Two endothermic peaks
with the corresponding weight losses (2.4
and 5.4%) are then seen around 480 and
900°C, respectively. X-ray diffraction does

-

T - g 5

Fi1G. 5. X-ray diagram of KMnO,(600°C/3 hr).
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not show any intermediate crystalline com-
pound before the formation of the lamellar
compound KMnO, around 600°C (Fig. 5),
in agreement with the measured oxidation
state of Mn, Z = 2.96. Therefore the attribu-
tion of the endothermic weight loss around
480°C is not obvious. According to the ther-
mal analysis the sample cannot be com-
pletely transformed into KMnO, above
600°C as weight losses are still observed
above 700°C. It seems that only one-third
of the product is transformed into KMnO,
around 600°C.

Sulfuric acid treatment of the KMnO,
powder leads, after removing of K* and
Mn?*, to §-MnO, phase as with sodium com-
pounds.

Ammonium Permanganate Precursor

The xerogel remains amorphous up to
500°C. Beyond this temperature it trans-
forms directly into crystalline a-Mn,0O;. In-
frared spectrum (Fig. 1) of the room temper-
ature dried xerogel exhibits a strong
absorption band around 1400 cm ™!, typical
of (NH,) species. At this stage, the mea-
sured oxidation state is Z = 3.88, a value
close to Z = 4. The intensity of the band at
1400 cm ! decreases together with the mean
oxidation state (Z = 3.66) when the xerogel
is dried at 90°C. The ammonium band even
completely disappears after heating the
sample for 5 hr at 300°C and the mean oxida-
tion state becomes close to 3 (Z = 3.16).
This suggests that ammonium ions act as
reducing species toward manganese
Mn(IV). Thermal analysis curves (Fig. 6a)
show three endothermic phenomena with
the related weight losses up to 400°C. A
sharp exothermic peak is observed at 500°C.
It corresponds to a small weight loss of 3.8%
and leads to the crystallization of «-Mn,0,.

Tetramethylammonium Permanganate
Precursor

The xerogel is amorphous at room tem-
perature and crystallizes into y-Mn,0O,
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FiG. 6. Simultaneous thermal analysis (TGA and
DTA) of the ammonium (a) and tetramethylammonium
(b) xerogels.

around 350°C (Fig. 7a). Calcination of this
compound above 550°C leads to the a-
Mn,0, phase as in the previous case with
ammonium counter ions (Fig. 7b). N(CH3)",
ions can be detected in the xerogel by infra-
red spectroscopy up to 350°C. Beyond this
temperature they appear to be completely

J.L;hv ‘“L.L

!l- .4 K []

FiG. 7. X-ray diagrams of y-Mn,0, (a, 350°C/5 hr)
and a-Mn,0; (b, 700°C/3 hr).



SOL-GEL SYNTHESIS OF MANGANESE OXIDES

removed. Simultaneous thermal analysis
(Fig. 6b) of the xerogel (with a total weight
loss of 80% on GT curve) shows four endo-
thermic peaks up to 400°C, with three suc-
cessive weight losses. Several thermal ef-
fects with small weight variations are then
observed between 500 and 660°C. Such a
thermal behavior suggests a rather complex
decomposition process. N(CH,); ions are
presumably decomposed between 160 and
270°C into ammonia which then reduces
MnO, into y-Mn,0, around 300°C. The en-
dothermic phenomenon at 324°C could cor-
respond to the crystallization of y-Mn,0;,
which then leads to a-Mn,0O; around 500°C.
The combustion of residual carbon species
can be responsible for the exothermic peak
and the weight increase at 600°C.

Discussion

Stable manganese oxide gels can be easily
obtained via the reduction of permanganate
AMnO, aqueous solutions with fumaric
acid. According to literature, such a reduc-
tion does not lead directly to Mn(IV). De-
pending on the experimental conditions,
Mn(II) and Mn(III) species are formed.

These results can be explained by refer-
ence to the known mechanism of oxidation
of fumaric acid by MnO; (14, 15). Around
pH = 4, Mn** and glycoxylic acid are
formed according to

HOOCCH = CHCOOH + 2MnO,
+ 8H* — 2Mn*" + HOOC-COH
+ 2CO, + SH,0. (1)
Under basic conditions (pH > 7), the car-
bon—carbon bond cannot be cleaved, but

the aldehyde function could be oxidized ac-
cording to

HOOC-COH + 2Mn*" + H,0 —
HOOC-COOH + 2Mn?" + 2H*, (2)

leading to oxalic acid formation. Under
these conditions, Mn?" ions are not stable
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and could be oxidized into Mn,0; or MnQO,,
with an excess of Mn(VII). This is experi-
mentally obtained with a molar ratio
(KMnO/)/(C,H,0,) = 3. Chemical titration
then shows that the mean oxidation state of
manganese is Z = 4.

Following this hypothesis, the optimum
stoichiometry would be p = 10/3 = 3:

3HOOCCH = CHCOOH + 10MnO;
+ 10H,0*— 10MnO, + 18H,0
+ 6CO, + 3C,0,H,. (3)

This mechanism shows that the MnQO, gels
contain adsorbed oxalate and hydroxyl ions
in agreement with IR spectra.

Metal cations are hydrolyzed in the pres-
ence of water giving rise to more or less
hydroxylated solute species. Hydroxylation
depends mainly on the positive charge of
the cation and the pH of the aqueous solu-
tion. In our experimental conditions, at a
pH close to 7, Mn(VII) ions are surrounded
by four oxygen atoms giving the well-known
permanganate ion (MnO,) ~. Hydroxylation
is favored when the oxidation state of man-
ganese decreases so that Mn(IV) species are
hydroxylated. Condensation than occurs
via olation and oxolation. Gelation arises
from the formation of an hydrous manga-
nese oxide network. Counter cations A* are
not hydroxylated under our experimental
conditions. They are only solvated by
dipolar water molecules. They are there-
fore not able to give rise to condensed
species and remain trapped inside the gel
network.

Manganese oxide gels lead to amorphous
xerogels upon drying at room temperature.
However their thermal behavior as well
as the crystalline phases obtained upon
heating depend on the nature of the counter
cation A. Alkaline cations (Li*, Na*, K%)
react in the solid state with the manganese
oxide leading to the formation of mixed
oxide phases. In all cases, trivalent manga-
nese AMnO, compounds are obtained at
high temperature. However different crys-
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talline phases such as LiMn,O, or
Nay,MnO, can be formed during the ther-
mal treatment. They suggest that some
solid state reactions first occur in the amor-
phous phase in which only part of the
alkali ions are involved. This could be due
to the formation of oxalates or carbonates
that are known to react slowly in the solid
state. According to the literature, such
mixed oxides can also be obtained via the
solid state reaction of MnO, or Mn,0; with
alkali carbonates (16-18).

Ammonium and tetramethylammonium
cations are dissociated upon heating. They
lead to the trivalent manganese oxide a-
Mn,0O; around 500°C. Until now, such
Mn,0, phases were obtained by adding am-
monia to aqueous solutions of MnSO, in
the presence of hydrogen peroxide, or upon
vacuum reduction of y-MnO, at 500°C
u9).

Mixed oxides AMnO, can be transformed
into manganese dioxide MnO, upon oxida-
tion in a sulfuric acid solution. Experiments
show that A* and Mn?" ions are released
into the solution while the solid network
progressively transforms into MnO,. The
nature of the obtained crystallographic
forms of MnO, depends on the different al-
kali precursors. It is well known that an
acid treatment at room temperature cannot
induce important structural transforma-
tions. Only topochemical reactions are ex-
pected and thus the different forms of MnO,
wiil have to be structural relationships with
the mixed oxides AMnO, derived from the
molecular precursors AMnO,:

—a defect-spinel type for A-MnO, which
is obtained from the lithiated manganites
LiMn,0, and LiMnO,. These compounds
belong both to the spinel-series Li; . . Mn,0,
(0 < x < 1) evidenced by electrochemical
insertion of lithium in LiMn,O, (10, 20).
However, it seems that it is difficult to ob-
tain by acid treatment all the compounds
of the Li, , . Mn,0, series, since a moderate
acid treatment (at pH = 2 during 30 min) of
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Li,Mn,0, leads only to a mixing of LiMn,0,
and A-MnQ,.

—a lamellar character for §-MnO, which
is obtained from the manganites containing
sodium and potassium: «-NaMnO,, -
NaMnO,, Na,; ;MnO,, KMnO,. The sodium
compounds, which have sodium contents
close to that of manganese, are effectively
characterized by the existence of edge-
linked manganese oxygen octahedra, which
give rise to tridimensional layers (/6). The
potassium compound KMnO, has a layer
structure of the same type than sodium com-
pounds. Then it is not surprising to obtain
in all cases the 6-MnO, lamellar structure.
As for the previous case, a moderate acid
treatment (at pH = 6 during 30 min) of the
compounds a-NaMnQO, and 8-NaMnO, lead
to a mixture of Nay;MnO, and 8-MnO,;
under the same conditions, KMnQO, gives

rise to an intermediate composition
K, sMnO,.
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